minutes: 800°C and 1000°C. Both SCSA obtained were characterized and assessed through lime fixation, and authors concluded that both ashes presented similar activity. Guzmán et al. [40] assessed three procedures to obtain SCSA: burning at 590°C, at 700°C and combined methods with pre-combustion and burning at 700°C. The third method presented the highest amorphous silica content, and the corresponding ash was assessed in mortars replacing partially the Portland cement. Authors concluded the best content of SCSA in terms of mechanical development was between 10 and 20% of substitution.
Additional research was carried out on the preparation of pozzolans by calcinations of a mixture of sugar cane straw and clay (20-30%): SCSA had a high pozzolanic activity but its reactivity decreased with increasing the clay content and calcination temperature [41] .
This interesting field of the reusing of agrowastes in the production of binders requires more research related to the reactivity and microstructure of SCSA containing binders. Moreover, easier obtaining methods for SCSA are necessary in order to have sufficient amount for preparing different types of mixtures. In this work, the main objective is to assess the sugar cane straw ash (SCSA) obtained from an autocombustion process as pozzolanic material in blended Portland cement. SCSA was chemically and physically characterized, and its pozzolanic reactivity was assessed in pastes of hydrated lime/SCSA and 
Materials and Methods

Materials
Sugar cane straw was obtained from sugar cane plantations near the city of Ilha Solteira (São Paulo, Brazil), and was burned in a furnace by autocombustion without temperature control for 6 hours. The maximum reached temperature into the furnace was 700°C, that is very appropriate for removing organic matter and stabilize the amorphous phases of the SCSA. Afterwards, the SCSA obtained was passed through sieves to remove some unburned material, and the passing fraction was milled for 50 minutes to reduce the particle size in order to increase pozzolanic activity [24] . After these procedures, SCSA was characterized and assessed in pastes and mortars.
Hydrated lime (Ca(OH) 2 ) used has high purity (> 95% of calcium hydroxide) and was mixed in pastes with SCSA in order to evaluate the pozzolanic reactivity. Portland cement used in pastes and mortars was the Brazilian Portland Cement CPV ARI, which is composed by more than 95% of clinker and it do not contain pozzolans (appropriate for avoiding interferences with with the pozzolanic reaction of SCSA).
Sand was obtained from Castilho (São Paulo, Brazil) city, and presents a fineness modulus of 2.05 and specific gravity of 2667 kg/m³.
Methods
Chemical and physical characterization of SCSA
Chemical composition of sugar cane straw ash was obtained through X-Ray Fluorescence by means of XRF Philips Magix Pro. This test was performed to evaluate percentages of the SiO 2 and Al 2 O 3 , important oxides in the pozzolanic reactivity [4] . To assess mineralogical properties of the sugar cane straw ash, X-Ray Diffraction test was carried out. Equipment used was XR Diffractometer Seifert TT, using Cu-Kα radiation and a Ni filter, with a voltage of 40 kV and current intensity of 20 mA. The test was performed in the 2θ range 5-60° with a step of 0.02º and step time of 2 s/step. Particle size of sugar cane straw ash before and after milling was obtained by means of Malvern Instruments Mastersizer 2000: mean particle diameter (D med ) and median particle diameter (D 50 ) were measured for evaluating the efficiency of the milling process. SEM micrographs were taken in a JEOL JSM-6300 scanning electron microscope.
Preparation and characterization of hydrated lime/SCSA and Portland cement/SCSA pastes
Hydrated lime/SCSA pastes (CH/SCSA) were prepared using the hydrated lime:pozzolan:water 3:7:8 ratio (by weight), and cured at 20°C with relative humidity (RH) higher than 95%. In Portland cement/SCSA mixtures (OPC/SCSA), a proportion of water/cementitious material 0.5 was selected (being the cementitious material the sum of OPC and SCSA), and the proportions of OPC/SCSA assessed were 100/0 (control) and 85/15, both also cured at 20° with RH higher than 95%. minutes. In samples preparation for SEM analysis, small fractured pieces of paste were submerged in acetone for 1 hour, and put in laboratory oven at 60°C for 30 minutes.
Compressive strength of mortars
Compressive strengths of the mortars were measured through an EMIC Universal Machine with a 2000 kN limit of load. For this test, prismatic specimens 40x40x160 mm³ were molded. Previously to compressive strength measurement, three specimens were broken in flexural mode for obtaining two half parts for specimen. The compressive strength was an average of six values. The proportion of water/cementitious material was 0.50, and the proportion cementitious material:sand was 1:2.5. The replacement of Portland cement by SCSA was 0% (control), 15%, 20%, 25% and 30% by weight.
Specimens were cured at 25°C with RH higher than 95% until the compressive strength test, which was performed after 3, 7, 28 and 90 days of curing. 3. Results and discussions
Chemical and physical characterization of SCSA
Chemical composition for SCSA measured by XRF is shown in that the main mass loss was produced in the 250-625ºC range, which are the typical volatilization/oxidation temperatures of organic matter and carbon [43] . A small mass loss above 650ºC
(0.34%) was observed, indicating that the presence of calcium carbonate was very low.
X-Ray diffraction (XRD) pattern of SCSA is shown in Figure 1 . It is of SCSA presented a deviation of the baseline between 2θ = 15° and 2θ = 35°, which is a characteristic of amorphous material. In addition, quartz (SiO 2 , PDF Card #331161), calcite (CaCO 3 , PDF Card #050586) and diopside (MgCaSi 2 O 6 , PDF Card #011-0654) as impurities in the SCSA were identified. Probably these impurities were from the soil retained during the sugarcane harvesting. An XRD was carried out on a sample of SCSA obtained from washed straw (without soil impurities): in this X-Ray diffractogram only some saline compounds were found, such as silvite (KCl, PDF Card #411476), halite (NaCl, PDF Card #050628), arkanite (K 2 SO 4 , PDF Card #050613) and hydroxylapatite (Ca 5 (PO 4 ) 3 (OH), PDF Card #090432). These salts were formed, in the calcination process, from selected elements contained in the straw: sodium, chloride, potassium, calcium, sulphur and phosphorus.
Particle size distribution is show in Figure 2 . The calculated mean particle diameter (d med ) of SCSA was 20.18 µm, and median particle diameter D 50 was 10.85 µm. Figure 3 shows SEM micrographs for comparison between the SCSA before the milling process and after 50 minutes of milling. In Figure 3a ,
SCSA before the milling process presents large and irregular particles and, in Figure 3b , SCSA after 50 minutes milling presents smaller and more regular particles compared to SCSA without milling. FTIR spectra for hydrated lime (Ca(OH) 2 ), SCSA and CH/SCSA pastes are shown in Figure 4 . On the other hand, the new band of vibration at 956 cm -1 is related to the pozzolanic reaction products, since it was not present in the hydrated lime neither in the SCSA spectra. This band can be attributed to Figure 5 . Dehydration of compounds formed through pozzolanic reaction, mainly C-S-H, took place, in the TG conditions used [45] , at the temperature range of 100-180°C, and mass loss of the Ca(OH) 2 dehydration was at temperature range of 520-560°C. In this analysis, there was no mass loss at 520-560°C for all curing ages, that is, SCSA consumed all the Ca(OH) 2 present in the paste. This result matches with FTIR analysis. Table 2 summarizes the mass loss related to the dehydration of compounds from pozzolanic reaction (P PZ ), from Ca(OH) 2 dehydration (P CH ) and lime fixation for all curing ages of CH/SCSA pastes. Since there was no peak in DTG curves in 520°C-560ºC, the lime fixation yielded 100%, i.e., the SCSA consumed all the Ca(OH) 2 added to the paste. The mass loss related to the compounds formed through pozzolanic reaction are increasing with curing time due the change in composition of these compounds:
initially formed C-S-H gel (with the typical formula (CaO) x (SiO 2 ) y (H 2 O) n ) had a high Ca/Si ratio (x/y).,
With curing time, the x/y ratio diminishes because more silica from SCSA react and it is bonded to C-S-H gel [45] . Thus, the amount of C-S-H gel increases, and then the released water when heating becomes greater. Figure 6 shows SEM micrographs from CH/SCSA paste after 28 days of curing. As expected taking into account TG and FTIR assessments, there is an amorphous gel formed due the pozzolanic reaction, a dense structure is obtained and the presence of hydrated lime is not noticed. Some C-S-H gel appeared in the form of needle-like products. Finally, the band of vibration at 1123 cm -1 (which not appeared in OPC paste) is related to the quartz present in SCSA: this mineral did not react in the studied conditions. After 7, 28 and 90 days of curing, pastes did not show significantly changes compared to 3 days of curing: it may be noticed the band intensity increase for 956 cm -1 signal (related to the higher amount of C-S-H gel). The diminution of its shoulder at higher wavenumber in OPC/SCSA pastes suggested the reaction of SCSA and the dissolution/transformation of this material due to pozzolanic process. Figure 8 . Similar hydration products were found for both OPC and OPC/SCSA pastes. In all curing times, the peak presented at 550°C is smaller in the SCSA containing paste compared to control one. This behavior is due to two effects: on one hand, the dilution effect when SCSA replaced OPC, because less portlandite in the hydration of cement is formed; on the other hand, due to the consumption of the Portlandite by reaction towards SCSA.
Mass loss related to the dehydration of compounds from OPC and pozzolanic reaction (P OPC+PZ ), Ca(OH) 2 dehydration (P CH ) and lime fixation for OPC and OPC/SCSA pastes at all curing ages are summarized in Table 3 . It is noticed that the P OPC+PZ value increases with curing age for both pastes, but the paste with SCSA presents higher values compared to the control at first curing times (3 and 7 days). This behavior showed that the pozzolanic material is very reactive. Additionally, the presence of SCSA particles acts as nucleation sites for hydration products from OPC and the hydration reaction rate was enhanced. Figure 9 shows SEM micrographs of OPC and OPC/SCSA pastes. In both figures, there is a dense and amorphous structure, but the control OPC paste (Fig. 9a ) presents more portlandite compared to the OPC/SCSA paste (Fig.9b) . This is in agreement to thermogravimetric results. Table 4 . All mortars showed a continuous increasing in the compressive strength with curing time as expected. Interestingly, after 3 days of curing, all mortars containing SCSA presented very similar compressive strength than that obtained for control one. This fact is related to the high reactivity of the ash, which agree to the behavior described in the paste studies. This trend also was observed for 7-90 days curing period. In this case, the consumption of Portlandite by SCSA (observed by TG analysis) for longer curing times did not make evident an enhancement in the compressive strength development. In general terms, from the strength development point of view, and taking into account the important replacement levels achieved in this study, it can be established that there is an important strength gain for replaced mortars. Figure 10 shows the compressive strength gain (SG) [46] of SCSA mortars. This SG was calculated taking into account the replacement percentage of OPC by the pozzolan; the compressive strength of OPC/SCSA mortar (Ri) was compared with the strength of the OPC mortar (Ro), which was corrected by means of the ratio between OPC mass (w cem ) and the binder mass (sum of OPC and pozzolan, w cem +w puz ).
In this case, relative values in percentage were calculated as follows:
All SG values calculated according to Eq. 1 were positive values, indicating the high effectivity of SCSA in cement mixtures. Calculated SG values are depicted in Figure 10 . SG values were increasing with the replacing percentage. It is noticed that SCSA30% presented the highest strength gain since earlier curing ages. This behavior means that good strengths would be obtained for higher replacing percentages. In hydrated lime/SCSA pastes, TG analysis showed that pozzolanic material consumed completely available calcium hydroxide after 3 days of curing. In cement pastes, replaced 15% by SCSA, more than 40% of Portlandite was fixed, and SEM images showed a lower presence of Portlandite crystals
Finally, from the study of mortars, SCSA presented an important contribution on the development of compressive strength when Portland cement was replaced in the 15-30% by weight. Pozzolanic activity was observed after 3 days of curing, and all mortars showed compressive strength close to control. In strength gain analysis, SCSA replacement of 30% showed the best result, since there is less Portland cement and the compressive strength still is similar to other mortars. This study showed that Portland cement can be replaced until 30% by SCSA and the mechanical properties were maintained.
